ABSTRACT SN 2012ec is a Type IIP supernova (SN) with a progenitor detection and comprehensive photospheric-phase observational coverage. Here, we present Very Large Telescope and PESSTO observations of this SN in the nebular phase. We model the nebular [O I] λλ6300, 6364 lines and find their strength to suggest a progenitor main-sequence mass of 13 − 15 M ⊙ . SN 2012ec is unique among hydrogen-rich SNe in showing a distinct and unblended line of stable nickel [Ni II] λ7378. This line is produced by 58 Ni, a nuclear burning ash whose abundance is a sensitive tracer of explosive burning conditions. Using spectral synthesis modelling, we use the relative strengths of [Ni II] λ7378 and [Fe II] λ7155 (the progenitor of which is 56 Ni) to derive a Ni/Fe production ratio of 0.19 ± 0.07, which is a factor 3.5 ± 1.2 times the solar value. High production of stable nickel is confirmed by a strong [Ni II] 1.939 µm line. This is the third reported case of a core-collapse supernova producing a Ni/Fe ratio far above the solar value, which has implications for core-collapse explosion theory and galactic chemical evolution models.
tections (Smartt et al. 2009 ) have shown that these are explosions of red supergiant (RSG) stars. Progenitor luminosities (Smartt et al. 2009 ) and nucleosynthesis yields (Jerkstrand et al. 2014, J14 hereafter) suggest helium core masses MHe 5 M⊙ (MZAMS 18 M⊙) for the progenitor population, whereas hydrodynamical modelling favours a more extended mass range (e.g. Utrobin & Chugai 2009; Dall'Ora et al. 2014) .
SN 2012ec is a Type IIP explosion that occurred in NGC 1084 in early August 2012. A potential progenitor was reported by Maund et al. (2013) , a high luminosity star with log (L/L⊙) = 5.0 − 5.4. Stars with luminosity on the upper end of this range have not yet been seen to explode as RSGs (Smartt et al. 2009 ). The possibility that the progenitor was a luminous, high-mass star, motivated us to embark on a follow-up campaign to follow the SN through its photospheric and nebular phases. The photospheric-phase PESSTO (Public ESO Spectroscopic Survey of Transient Objects) data is presented by Barbarino et al. (2014) . Here we report on PESSTO and VLT (Very Large Telescope) observations in the nebular phase, and modelling of these data. For the analysis, we follow Maund et al. (2013) and assume an explosion epoch of August 5 2012, a distance of 17.3 Mpc, an extinction EB−V = 0.11 mag , and a heliocentric recession velocity of 1407 km s −1 (Koribalski et al. 2004 ). All observed spectra displayed in the paper have been dereddened and redshift corrected.
OBSERVATIONS AND DATA REDUCTION

Photometry
Optical and near-infrared imaging was obtained for the phase +176 to +550 days after explosion using the European Southern Observatory's New Technology Telescope (NTT) with EFOSC2 and SOFI, the SMARTS 1.3m telescope (operated by the SMARTS consortium) using ANDY-CAM, and the Liverpool 2m Telescope (LT) using RATCam. Tables 1 and 2 present the photometry. The V , R, I magnitudes are template-subtracted (see below) whereas B, r, z are not (as no templates were available in these filters). The NTT data were collected as part of the PESSTO program (Smartt et al. 2013) , and are a continuation of the public monitoring campaign of SN 2012ec described in Maund et al. (2013) and Barbarino et al. (2014) . The EFOSC2 images were reduced (trimmed, bias subtracted, and flat-fielded) using the PESSTO pipeline as described in Smartt et al. (2014) , whereas the LT and SMARTS images were reduced automatically using their respective pipelines.
Photometric zero-points and colour terms were computed through observations of Landolt standard fields (Landolt 1992) . Three of the seven nights in which optical imaging was carried out were photometric and we calibrated the magnitudes of a local stellar sequence using these data. We chose the reference stars 1, 11, and 12 presented in Barbarino et al. (2014) , and found reasonable agreement in the computed magnitudes of the secondary standards (the differences were within 0.05 mag). The average magnitudes of the local-sequence stars were used to calibrate the photometric zero-points obtained in non-photometric nights, or when the colour terms were not retrieved.
The complex and high background galaxy flux at the position of SN 2012ec meant that image template subtraction was required on all the EFOSC2 V RI 1 data. Fortunately the large programme 184.D-1140 (PI: S. Benetti) had observed SN 2009H in the same galaxy and V Ri images from 10 October 2009 with EFOSC2 were available to construct pre-discovery templates. Each filter had 5×120 second frames taken, which were co-added and then subtracted from the target frames using the HOTPANTS 2 image subtraction software (which is based on the algorithm presented in Alard 2000) .
For the near-infrared (NIR) observations, we took multiple, dithered, on-source exposures; these images were then flat-fielded and median-combined to create a sky frame. The sky frame was subtracted from each of the individual images, which were then aligned and co-added. The total exposure times in the two epochs which had detections were 400s (J), 360s (H) and 1080s (Ks) on 28 January 2013 and 400s (J), 360s (H) and 720s (Ks) on 21 February 2013. NIR photometry of the reference stars was calibrated using the Two Micron All Sky Survey (2MASS) catalogue magnitudes (Skrutskie et al. 2006) . The full reduction procedure is described in Smartt et al. (2014) and these reduced images have been released as part of the PESSTO SSDR1. Users should note that the on-source dithering pattern results in the over-subtraction of the sky background in some of the images, but the photometry of the SN is not affected. Further imaging was taken a year later on 6 February 2014 with exposure times of 200s (J), 150s (H) and 900s (Ks). SN 2012ec was not detected on these images. We used these images as templates so that the values at 177 and 201 days in Table 2 are template subtracted.
Photometric flux measurements were performed using a point-spread function (PSF) fitting technique. We simultaneously fitted the PSF of SN 2012ec and the sequence stars using the snoopy 3 package within iraf 4 .
Spectroscopy
We obtained three spectra in the nebular phase. The first was a near-infrared spectrum at +185 days using NTT and the SOFI near-infrared spectrograph, the second was a combined optical and NIR spectrum at +371 days using Xshooter on the ESO Very Large Telescope (via programme 091.D-0608 (PI: J. Sollerman)). The third was an optical spectrum at +402 days using EFOSC2 on the NTT. The details of the wavelength coverage, grisms employed, and spectral resolutions are listed in Table 3 . The NTT SOFI spectrum was a combination of images taken with on-slit nodding to give a total exposure time of 3240s with the Blue Grism (BG) and the GBF order blocking filter. The PESSTO observing sequence and reduction procedure is described in Smartt et al. (2014) . After extraction and wavelength calibration, the spectrum was corrected for telluric absorption with the standard Hip010502 and flux calibrated with the spectrophotometric standard EG274. The NTT EFOSC2 optical spectrum was reduced using the PESSTO pipeline . Wavelength calibration was performed using the spectra of comparison lamps and adjusted by checking the night sky line positions. The spectrum was corrected for telluric absorption by subtracting a model absorption spectrum and flux calibration was performed using the PESSTO selected spectrophotometric standard stars observed on the same night.
SN 2012ec was observed with the VLT+X-shooter at an airmass of 1.2 on Aug. 9.3 2013 UT, and again on Aug. 11.3 UT at an airmass of 1.1. X-shooter consists of three echelle spectrographs, each covering a separate wavelength range (UVB: 300-560 nm; VIS: 556-1024 nm; NIR: 1024-2480 nm), which are used simultaneously through a dichroic. A 1.0 ′′ slit was used in the UVB arm, and 0.9 ′′ slits were used in the VIS and NIR arms. Observations were taken while nodding the telescope, moving the SN between two positions in the slit to facilitate sky subtraction in the NIR arm (using the template XSHOOTER slt obs AutoNodOnSlit). The spectrum from each arm was reduced using version 2.4.0 of the X-shooter pipeline 5 running under the Reflex environment. All data were pre-reduced (bias subtracted in the UVB and VIS arms, flat fielded, and wavelength calibrated) within the pipeline, and the separate echelle orders were merged into a single spectrum. The bias level and sky background in the NIR arm was removed by subtracting pairs of consecutive spectra taken with the target at different locations in the slit. Finally, the spectra were optimally extracted, and flux calibrated using spectrophotometric standards. In the early tail phase of a Type II SN (∼150-200d), steady state sets in so the emergent luminosity follows the instantaneous energy input by radioactivity. At the same time, the escape fraction of gamma rays is neglegible. This phase therefore offers an opportunity to determine the 56 Ni mass by estimating the bolometric luminosity.
We estimate the BV RIJHKs quasi-bolometric luminosity at 187 days by combining the observed optical (dereddened) photometry at 187 days with extrapolated (dereddened) NIR photometry from day 176, using an extrapolation factor exp (−11d/111.4d). The magnitudes were converted to flux values at the effective wavelengths of the filters and linearly interpolated. Since no useful templates exist in B, the B magnitudes reported in Sect. 2.1 are not templatesubtracted. To obtain an estimate for the SN B magnitudes, we estimate the contribution from the galaxy by taking the B − V colour from the galaxy model derived in Sect. 4.1 and apply this to the V -band template. Subtracting this artificial B-template from the measured B magnitudes gave estimates for the SN of B = 19.36 mag at 187d and B = 19.50 mag at 202d. The resulting B − V colours of the SN are similar to other Type IIP SNe (Maguire et al. 2010; Inserra et al. 2012 Inserra et al. , 2013 Tomasella et al. 2013) .
We obtain L 187d BVRIJHKs = 7.0 × 10 40 erg s −1 . To estimate the full bolometric luminosity, we assume the fraction outside B to Ks to be the same as in SN 1987A at a similar epoch, which we compute as 19% at 165 d using data from Hamuy et al. (1988) and Bouchet et al. (1989) , and using EB−V = 0. Barbarino et al. (2014) based on earlier epochs (0.04 ± 0.01 M⊙). Doing the same analysis with V to Ks (to avoid the uncertain B band) gives very similar numbers. For the rest of the analysis in this paper we adopt a 56 Ni mass of 0.03 M⊙, and take the error in this to be 0.01 M⊙. The early phase photometry (176-202d) shows reasonable agreement with a model scaled with a factor 0.03/0.062 (to adjust for the 56 Ni mass of 0.03 M⊙ here, see Sect. 3.1). For the data between 400-550d, there is quite a lot of scatter. This is likely due to difficulties in the template subtractions, as the background is significantly stronger than the SN at these epochs (Sect. 4). The average flux levels are still in reasonable agreement with the model brightness for the same 56 Ni mass.
Photometric evolution
ANALYSIS OF SPECTROSCOPIC DATA
Optical spectral modelling
The optical spectra from the two epochs at +371 days (VLT X-shooter) and +402 (NTT EFOSC2) are shown in Fig. 2 (both dereddened and redshift corrected). To reduce noise in the X-shooter spectrum it was smoothed substantially using a Savitzky-Golay filter of second order, 31 points. Given the position of SN 2012ec in a bright region of the host galaxy, the slits included significant light from nearby stellar populations. The slope of the spectra and observed narrow absorption due to the Balmer series indicates significant contamination from neighbouring OB-stars. To make a SN model comparison for the observed spectrum, we therefore need to add a model component for this background galaxy light.
To model the galactic background, we used Starburst99 (Leitherer et al. 1999 ) to compute a model with a single starburst of standard parameters 6 . The spectrum of this
Myrs is plotted as a black dashed line in Fig.  3 . Also plotted here (red line) is a spectrum of the starforming region C9 in which SN 2012ec exploded, taken from Ramya, Sahu & Prabhu (2007) . The Ramya spectrum has been dereddened with EB−V = 0.45 mag (as estimated by Ramya, Sahu & Prabhu 2007) . The comparison shows that the model spectrum is a reasonable representation of the galactic light around SN 2012ec, although the C9 region is a quite large region of the galaxy (∼30 ′′ ) and we lack knowledge of how much conditions change locally within this region (both intrinsic spectra and extinction).
We computed a MZAMS =15 M⊙ model at 370d with the same setup as in J14, with the only difference of a lower 56 Ni mass of 0.03 M⊙. This lower 56 Ni mass was achieved by reducing the mass of the Fe/He zone. The density of this zone was kept the same, and the filling factors of the other core zones were increased by a factor of 1.09 to fill the vacated volume.
Plotted in Fig. 2 , as solid blue lines, are the sum of the galaxy model and the spectrum of this new 15 M⊙ model. The galaxy components are plotted as black dashed lines. The flux scales of the galaxy models are arbitrary and have been chosen to give overall good fits of the galaxy + SN model to each observed spectrum. As the two spectra have different slit widths, slit angles, and image qualities, the amount of galaxy light within the SN extraction window varies between them. In the +402d spectrum the flux (and thus our galaxy model scaling) is a factor 3.6 higher than for the +371d spectrum.
The sum of the galaxy and SN models fits the observed spectra reasonably well in both cases. The continuum slope is reproduced across a fairly wide wavelength range and the Balmer absorption lines and Balmer jump are reasonably well matched. The classic nebular emission lines seen in Type IIP SNe at these stages (see J12 and J14) are reproduced satisfactorily, but there are two major and important discrepancies. The SN model overproduces the calcium lines ([Ca II] λλ7291, 7323 and the Ca II NIR triplet) and underproduces [Ni II] λ7378. We investigate these discrepancies further in Sect. 4.1.2.
Oxygen lines and progenitor mass
Using the method described in J12 to measure line luminosities, we measure the observed [O I] λλ6300, 6364 luminosity to L = 2.8 × 10 38 erg s −1 at 371 days and L = 2.9 × 10 38 erg s −1 at 402 days. The [O I] λ5577 line is too weak and noisy for any meaningful luminosity measurements. 56 Ni mass computed here), these values for 0.030 M⊙ are 1.9, 3.9, 9.5, and 10 × 10 38 erg s −1 . The observed luminosity of 2.8 × 10 38 erg s −1 thus corresponds to a progenitor ZAMS mass of 13 − 14 M⊙.
The model luminosities at +402d are to be scaled by a radioactive decay term ∼ e −31d/111d = 0.75, so the measured value of 2.9 × 10 38 erg s −1 should be compared with 1.4, 2.9, 7.1, and 7.7 × 10 38 erg s −1 , giving MZAMS = 15 M⊙ as the best fit. We conclude that the nebular oxygen lines suggest a progenitor mass MZAMS = 13 − 15 M⊙.
Model lines in the 7100-7500Å region
We now aim to analyze in more detail the spectral region between 7100 -7500Å, where the observed line strengths show the strongest discrepancies with the spectral model. Inspection of the models shows that lines from calcium, iron, and nickel are the only ones produced in any significant strength in this region. We consider the line identifications secure. Bottom : NTT spectrum of SN 2012ec at 402 days (red), dereddened and redshift corrected. Also shown is the same galaxy model as above but scaled by a factor 3.6 (black dashed), and the same SN model as above but scaled with a factor exp (−31d/111d) (to compensate for the later epoch) (blue).
Calcium lines
As originally demonstrated by Li & McCray (1993) and Kozma & Fransson (1998) , the calcium lines originate as cooling emission from the hydrogen zone. Their strengths thus depend on the mass of the hydrogen zone, the heating rate per unit mass of this zone, and the fraction of its cooling that is done by [Ca II]. Several different scenarios can thus lead to weak calcium lines, but some are more likely than others. A simple analysis is complicated by the fact that hydrogen zone material is present in many regions of the SN ejecta, both in the envelope and in the core (due to mixing).
If an unusually low hydrogen zone mass is responsible, we would expect to see unusually weak hydrogen lines as well. Both Hα (Fig. 2) and Paβ − δ (Fig. 7) are quite strong and are reasonably well reproduced by the model. Paα looks weak but is compromised by its location in the middle of the telluric band. An unusually low ejecta mass was also not indicated by hydrodynamical modelling in our companion paper (Barbarino et al. 2014) .
The heating rate per unit mass depends on the 56 Ni mass and the mixing of both 56 Ni and hydrogen material. As the line luminosities to first order scale with 56 Ni, the unusually low ratio of calcium lines to other lines in SN 2012ec cannot be explained by a low 56 Ni mass. A weak mixing of 56 Ni gas with hydrogen gas could reduce the gammaray deposition in the H zone.
An low fraction of cooling done by Ca II could have three fundamental causes; a low calcium abundance compared to the other metals, a low fraction of calcium in the Ca II state, or a temperature that does not favor Ca II emission. Starting with the last possibility, the models show that [Ca II] λλ7291, 7323 is a strong coolant over the whole nebular evolution, through a broad range of temperatures (J14). This suggests that an unusually low temperature is not the main cause of the weak lines. The second possibility, an un- usually low abundance of calcium relative to other metals, is also not a very plausible explanation as it would have to be lower by a factor 3-4 which seems unlikely. A peculiarly low calcium abundance relative to the other elements is not a known feature of chemical abundances in starforming disk galaxies. We note that the metallicity itself of the progenitor will not affect the hydrogen zone cooling line strengths significantly. This is because cooling timescales are short so thermal equilibrium is established and all heating is instantaneously reemitted as cooling. Line cooling is the only efficient channel so lower metallicity will just lead to somewhat higher temperature so that the collisional pumping rates increase to compensate for the lower amounts of metals.
The first possibility, an unusual ionization balance of calcium, looks like a more plausible solution, because the ionization equilibrium in the models is close to switching between Ca II and Ca III as the dominant ion. At 370d the Ca II fraction is 25% in the innermost H zone (75% Ca III) and increases slowly outwards. Thus, the Ca II fraction is sensitive to changes in physical conditions such as density and ionizing radiation field. It is quite plausible that these could vary with a factor of a few between different SNe. Dependency of the calcium ionization equilibrium on ejecta structure would be an interesting topic for further study.
We finally mention the possibility that the line at 7378 A (which the model identifies as [ and A7453 = 0.0477 s −1 , respectively. The lines are optically thin (τ7155 = 0.08 and τ7453 = 0.02), and so their luminosity ratio is L7453/L7155 = A7453hν7453/A7155hν7155 = 0.31.
There is also some emissivity in 
Gaussian fits to the 7100-7500Å region
As shown in Fig. 2 , the SN nebular model does not reproduce well the relative strengths of calcium, iron, and nickel lines in this spectral region. The [Ni II] λ7378 line is particularly interesting because it provides a rare opportunity to determine the mass of stable nickel produced in the explosion. Instead of a full forward modelling approach, we measure the observed line luminosities and apply analytical line formation equations to determine the element abundance ratios.
The model analysis in Sect. 4.1.2 showed that there are seven dominant line transitions present in the 7100-7500 A region, and determined some of the line ratios from the same species. We construct a fit to this spectral region using . We force the relative luminosities of lines from a given element to have the same ratios as in the model, so the iron lines are constrained by L7453 = 0.31L7155 , L7172 = 0.24L7155 , L7388 = 0.19L7155 , and the nickel lines are constrained by L7411 = 0.31L7378 . We also use a single line width for all lines (FWHM velocity ∆V ). The free parameters are then L7291,7323 , L7155, L7378, and ∆V . We also add the galactic model component described in Sect. 4.1.
As shown in Fig. 4 , a good fit is obtained for L7291,7323 = 1.4 × 10 38 erg s −1 , L7155 = 5.8 × 10 37 erg s −1 , L7378 = 1.5 × 10 38 erg s −1 , and ∆V = 1300 km s −1 . From this we determine a ratio L7378/L7155 = 2.6. 
The Ni II/Fe II ratio
Computation of the partition functions ZNiII(T ) and ZFeII(T ) shows their ratio to vary little with temperature, staying between 0.24 − 0.26 over the temperature range 2000−6000 K, so we can to good accuracy take ZNiII/ZFeII = 0.25. Using the atomic constants g 
This line ratio is a powerful diagnostic of the Ni II to Fe II ratio as it is relatively temperature-insensitive (due to the similar excitation energies of the upper levels), and relatively density-insensitive (due to the transitions having similar critical densities), so deviation from LTE has a similar impact on both lines. Furthermore, since iron and nickel have similar ionization potentials, they have similar ionization balances and the Ni II/Fe II ratio is likely to be close to the Ni/Fe ratio. Our models confirm this, showing that the Ni II/Fe II ratio deviates from the Ni/Fe ratio by less than 5% at 370 days. Using the measured line ratio of L7378/L7155 = 2.6, we can use Eq. 2 to compute the Ni II / Fe II ratio as function of temperature. This relationship is plotted in Fig. 5 together with curves for L7378/L7155 ratios higher and lower by 30% (our estimated error). The temperature constraints from the [Fe II] λ7155 luminosity (2950 < T < 3350 K, see below) give an abundance ratio of Ni II/Fe II = 0.19 ± 0.07.
In the 15 M⊙ model of Woosley & Heger (2007) , the Ni/Fe ratio is only 0.04. Thus, the reason that the SN model significantly underproduces the [Ni II] λ7378 line is an abundance of stable nickel a factor ∼5 lower than needed.
Constraints on temperature As the iron mass is constrained by the measurement of the 56 Ni mass in the early nebular phase (Sect. 3.1), we can use the LTE expression for the [Fe II] λ7155 luminosity to constrain the temperature. This assumes that most of the iron is in the form of Fe II. The fraction is 0.9 in our models at 370 days so this is likely a good approximation. It also assumes LTE. The departure coefficient is close to unity in the model (0.83), also validating this approximation. Figure 6 shows the measured value of L7155/M ( 56 Ni) compared to the theoretical value as a function of temperature, which is given by
The figure shows that the iron-zone temperature is constrained to 2950 < T < 3350 K. This is in good agreement with the computed model temperature, which is T = 3180 K.
Contamination by primordial Fe and Ni In J12 and Maguire et al. (2012) , it was demonstrated that the total emission of primordial metals in the hydrogen zone is often comparable to the emission by newly synthesized metals in the core. We must therefore ask whether such emission may contribute to the [Fe II] λ7155 and [Ni II] λ7378 lines here.
At 370 days, the emission from primordial iron is about 40% of the total [Fe II] λ7155 emission ). This contribution can be broken down into two parts, a contribution by hydrogen mixed into the core and having a similar velocity distribution as the synthesized iron, and the envelope part at higher velocities. These contributions give similar emission, about 20% of the total each. The envelope component gives, however, a broad and flat-topped contribution to the line profile, which blends into the quasicontinuum as well as the [Ca II] λλ7291, 7323 doublet. Therefore it is not included in the luminosity we extract by fitting low-velocity Gaussians in Sect. 4.1.3. On the other hand, the fit will contain the contribution from the in-mixed hydrogen zone, which is then of order 20%/60% ∼ 1/3 as strong as the synthesized iron component.
Also [Ni II] λ7378 has a similar contribution by primordial nickel (∼ 40%). A solar abundance of Ni to Fe (as is presumably present in the hydrogen zone), gives however a primordial [Ni II] λ7378/[Fe II] λ7155 ratio of only ∼ 0.7. The contribution by primordial nickel to the measured [Ni II] λ7378 line luminosity (which is several times higher than the [Fe II] λ7155 luminosity) is therefore small (∼ 10%). The net effect of primordial contaminations is therefore that the measured Ni/Fe ratio may somewhat underestimate the Ni/Fe ratio in the iron zone, but not by more than about ∼1/3. [Ni II] λ7378. Their optically thin line ratio is
Near-infrared
where we have used A1.939 = 0.087 s −1 . In SN 2012ec the measured ratio is Rank et al. (1988) reported a measurement of the [Ni II] λ6.636 µm luminosity at 262 days. For LTE and optically thin conditions, this luminosity gave a Ni II mass of 2 × 10 −3 M⊙, which with M (Fe) = 0.075 M⊙ gave Ni/Fe = 0.027 (assuming M (Ni) ≈ M (Ni II)), less than half the solar value. Wooden et al. (1993) extended the analysis to later times, finding a similar value. In the ejecta models of J12/J14, LTE is valid for the [Ni II] λ6.636 µm line throughout this period, but the assumption of optically thin emission is not, with the [Ni II] λ6.636 µm line having optical depth of 3.2 at 250 days and 1.5 at 450 days. This optical depth leads to an underestimate of the Ni II mass by a factor of 2-3 using 7 Using the solar abundance measurement from Lodders (2003) ; Ni/Fe = 0.057. the optically thin formula. Taking the optical depth into account, the Ni/Fe ratio in SN 1987A is around the solar value or somewhat higher. Jerkstrand et al. (2012) presented the model luminosity of [Ni II] λ6.636 µm at 350d using the Woosley & Heger (2007) nucleosynthesis models, finding good agreement with the observed line in SN 2004et (Kotak et al. 2009 ). As mentioned above, however, a caveat is that the nickel line has an optical depth of τ ≈ 2 − 3 at these epochs, and the model luminosity therefore depends not only on the nickel mass but also on the volume of the nickel-containing gas. This was fortunately constrained from fits of various optically thick lines (see Figs. 11 and 12 in J12) , so the fit of the [Ni II] λ6.636 µm line is still constraining for the nickel mass in SN 2004et.
The [Ni II] λ7378 line is one of the strongest lines from the Crab nebula, with the Ni/Fe ratio estimated to 60 − 75 times the solar value (MacAlpine et al. 1989 (MacAlpine et al. , 2007 . This extreme value is of interest in relation to the proposed scenario of an electron capture SN (Nomoto et al. 1982) .
A detection of [Ni II] λ7378 was reported also for the broad-lined Type Ic SN 2006aj (Maeda et al. 2007; Mazzali et al. 2007 ) which was associated with an X-ray flash (Mazzali et al. 2006 ). The [Ni II] identification was somewhat hampered by high noise levels combined with very large widths of the emission lines. The nebular spectra were modelled to estimate a mass of stable nickel of 0.02 − 0.05 M⊙, which with M ( 56 Ni) = 0.2 M⊙ from the light curve gives Ni/Fe = (0.10 − 0.25) (Ni/Fe) ⊙ , similar to the value derived here for SN 2012ec.
We repeated the analysis of SN 2012ec for two other recently observed Type IIP SN; SN 2012A and SN 2012aw. The 7000-7600Å spectral region of these SNe around +400d (data from Tomasella et al. (2013) and J14), and Gaussian fits, are presented in Fig 8. The [Ca II] λλ7291, 7323 lines are strong in both of these SNe, and [Ni II] λ7378 is not distinct. With our Gaussian fits, we can still obtain estimates for the nickel line luminosity. We obtain L7378/L7155 ≈ 0.4 for SN 2012A and L7378/L7155 ≈ 1.0 for SN 2012aw. With the same analysis as for SN 2012ec (using the distances, extinction, and 56 Ni masses from Tomasella et al. (2013) and J14), this translates to Ni/Fe ratios of ∼ 0.5 times solar in SN 2012A and ∼ 1.5 times solar in SN 2012aw. We warn, however, that the 56 Ni mass in SN 2012A is only ∼0.01 M⊙ (Tomasella et al. 2013) A summary of all reported measurements are presented in Table 4 . Of the seven measurements, three (the Crab, SN 2006aj, and SN 2012ec) show significantly supersolar production of Ni/Fe, which should put strong constraints on the progenitor structure and explosion dynamics of these SNe. The Ni/Fe production is for many types of explosions dominated by the 58 Ni / 56 Ni production. This ratio in turn depends on the neutron excess of the fuel, as well as the thermodynamic conditions for the burning ( as does high entropy explosions which lead to large abundances of neutrons and α-particles. In Jerkstrand et al. 2015 (in prep.) we investigate the type of explosive silicon burning that can produce a Ni/Fe ratio as high as in SN 2012ec.
We have also analyzed the nebular [O I] λλ6300, 6364 lines, which match models with MZAMS = 13 − 15 M⊙. The progenitor analysis by Maund et al. (2013) found MZAMS = 14 − 22 M⊙, and hydrodynamical modelling by Barbarino et al. (2014) favoured an ejecta mass of ∼13 M⊙ (to be compared with total ejecta masses for MZAMS = 12, 15, and 19 M⊙ stars which are 9, 11, and 14 M⊙ in the Woosley & Heger (2007) 
